Cell anchorage is required for cell proliferation of untransformed cells, whereas anchorage-independent growth can be induced by oncogenes and is a hallmark of transformation. Whereas anchorage-dependent control of the progression of the G1 phase of the cell cycle has been extensively studied, it is less clear whether and how anchorage may control other cell cycle phases and whether oncogenes may affect such controls. Here, we found that lack of cell anchorage did not influence progression through the cell cycle S phase, G2 phase, or most of mitosis of primary human fibroblasts. However, unanchored fibroblasts could not complete cytokinesis. The cleavage furrow and central spindle were still formed in the absence of anchorage, but cells were unable to complete ingression, causing binucleation. Importantly, V12 H-Ras-transformed fibroblasts and two cancer cell lines progressed through the entire cell cycle without anchorage, including through cytokinesis. This indicates that oncogenic signaling may contribute to anchorageindependent growth and tumorigenesis by promoting the final cleavage furrow ingression during cytokinesis.
D
uring malignant transformation, cells acquire genetic aberrations that mediate resistance to normal mechanisms that control cellular proliferation (1) . One of the critical characteristics of cancer cells is the ability of anchorage-independent growth. The G 1 phase has been suggested to possess the major control of the cell cycle to prevent transformation, including the control for cell attachment to the extracellular matrix (2) . Whereas deregulated G 1 phase control is sufficient to obtain growth factor independence during transformation (3), it is unclear whether G 1 phase deregulation may be sufficient for anchorage-independent growth. We showed that anchorage is required for a longer period than growth factors through the G 1 phase to promote S phase entry (4) . In addition, cell anchorage may be necessary for cytokinesis (5, 6) . However, it is unclear whether cell anchorage may regulate progression through the S and G 2 phases.
During one round of the cell cycle, the most dramatic remodeling of cell anchorage takes place during mitosis, suggesting that anchorage may regulate this phase. Onset of mitosis is, because of cellular deadhesion, accompanied by cell rounding that is prominent during prometaphase until early telophase (7) . In anaphase, the central spindle microtubules start to bundle and positions the actomyosin contractile ring that, during telophase, starts the formation of the cleavage furrow (8) . Continued furrow ingression depends on contraction of the actomyosin, leading to the formation of the midbody, which finally breaks during abscission (9) . There are three prevailing hypotheses for how anchorage might regulate cytokinesis (9, 10) . First, lack of anchorage may influence early stages of mitosis, leading to consequential defects in cytokinesis (11) . Alternatively, attachment-dependent cell spreading during late mitosis may provide traction forces necessary for the abscission of the midbody. Yet another possibility is that anchorage may provide necessary regulatory signals affecting the region of abscission (9) .
We hypothesized that if anchorage is necessary for progression through several of the cell cycle phases, these controls also need to be disrupted during oncogenic transformation to promote anchorage-independent growth. We show that primary human fibroblasts without anchorage could proceed through the S and G 2 phases and most of mitosis but could not complete cytokinesis. Fibroblasts in suspension could form but not completely ingress the cleavage furrow and never reached abscission. Importantly, we show that cell spreading is not necessary for completion of cleavage furrow ingression and that oncogenic H-Ras signaling can overcome the need for anchorage in cytokinesis. Our results thereby imply that the final cleavage furrow ingression is signaling-dependent and, thus, that anchorageindependent cytokinesis can be achieved during tumor progression through oncogenic signaling.
Results

Primary Human Fibroblasts Progress Through S, G2, and Most of M
Phases Without Cell Anchorage. To test whether anchorage affects progression through S and G 2 phases of the cell cycle, we synchronized primary human fibroblasts (NHDF) at the G 1 -S phase transition by aphidicolin and released them either with anchorage or in suspension. After release, cells in suspension incorporated BrdU as efficiently and with the same kinetics as attached cells ( Fig. 1 A and B) . Propidium iodide (PI) FACSprofiles were also very similar for the anchored and suspended cells until 9 h after release, when a maximal proportion of the cells where in S phase [supporting information (SI). Fig. 5A ], indicating that cells did not need anchorage to proceed through S phase. However, the cells in suspension were unable to incorporate BrdU for a second round of cell division from 12 h after release and onwards and instead accumulated with a 4N DNA content representing G 2 or M phases ( Fig. 1 A and C and SI Fig. 5A ). This finding led us to investigate whether NHDF could progress through the G 2 phase without anchorage. After release from aphidicolin, G 2 phase cells were characterized by cyclin B1 and BrdU stainings. Cyclin B1 accumulates in the cytosol in the S and G 2 phases and initiates mitosis by its translocation to the nucleus. In prometaphase, the nuclear membrane starts to dissolve, and at metaphase, cyclin B1 gets immediately degraded (12) . We analyzed the localization of cyclin B1 and identified S phase cells as BrdU-positive cells, G 2 phase cells with cytoplasmic cyclin B1 but without BrdU, and early mitotic cells with nuclear cyclin B1 (Fig. 1D) . We found that NHDF in suspension progressed through the G 2 phase and entered into mitosis with a similar kinetics as attached cells (Fig.  1D) . We conclude that primary fibroblasts are independent of anchorage for their progression through the S and G 2 phases as well as for their entry into mitosis.
To analyze further progression through mitosis, NHDF were followed after accumulation in prophase by mitotic shake-off and subsequent release with or without anchorage (SI Fig. 5B) . At 4 h after release, anchored fibroblasts had progressed into the G 1 phase and displayed no accumulation in G 2 /M phases. On the other hand, suspended cells showed no progress into the G 1 phase and were thus completely blocked in the G 2 /M phases. In addition, as shown in Fig. 1E , the tubulin spindles were formed and the chromatin condensed and separated in suspended cells.
Tubulin also accumulated in the central spindle, and the cleavage furrow was formed in suspended cells to the same degree as in anchored cells (Fig. 1F) . Because the correct localization of both RhoA and Aurora B in the central spindle are critical for progression through telophase and cytokinesis, we analyzed the composition of the central spindle and found that suspended cells had proper RhoA and Aurora B localization (Fig. 1G) . We conclude that NHDF progress through mitosis until cytokinesis independent of cell anchorage.
Cells in Suspension Initiate but Cannot Complete Ingression of the
Cleavage Furrow. NHDF in suspension ended up with decondensed chromatin and two nuclei, indicating inhibition of cytokinesis ( Fig. 2A and SI Fig. 6 ). We therefore determined how far into cytokinesis the cells in suspension could advance. After shake-off and release, NHDF were spun down and stained with Giemsa. The telophase cell waist width (M) was measured, and 2D) . We conclude that NHDF in suspension can form a cleavage furrow and ingress approximately half ways, but are unable to complete the ingression.
Cell Attachment Facilitates Complete Cleavage Furrow Ingression
Independent of Cell Spreading. Although cell anchorage appeared to be required for cytokinesis, it remained unclear whether this could be explained by the need of signaling from cell attachment and/or proper cell spreading that could generate sufficient tension at the site of cleavage. BJT immortalized fibroblasts were synchronized by shake-off and released onto different substrata differently promoting cell spreading; Collagen type I (CI), Vitronectin (VN), and poly-L-lysin (PLL) (Fig. 3 A and B and SI  Fig. 7A ). The ingression appeared similar on the three different substrata and actually occurred before cell spreading (Fig. 3B, SI  Fig. 7A , and SI Movies 1-4) consistent with previous observations (7) . Furthermore, no differences between the different substrata were observed in terms of completion of cytokinesis (Fig. 3A) even though the extent of cell spreading was clearly different 60 min after replating, occurring after the completion of the ingression (Fig. 3B, SI Fig. 7A , and SI Movies 1-4). Surprisingly, on all different substrates, a fraction of the cells (Ϸ30%) formed the cleavage furrow in a different focus plane and only one of the dividing cells was attached during ingression ( Fig. 3B and SI Movie 3). We also plated mitotic primary NHDF cells onto two different immobilized antibodies: mAb JBS5 binding integrin ␣5␤1 and mAb P4C10 binding integrin ␤1 (Fig.   3C and SI Fig. 7 B and C) (13, 14) . The cells attached onto the different antibodies and onto the FCS-coated positive control but not onto the mouse IgG-coated control dishes ( Fig. 3C and SI Fig. 7 B and C) . Similar to the cells on PLL, the binding of NHDF to the mAb P4C10 promoted cytokinesis also in the absence of complete cell spreading ( Fig. 3C and SI Fig. 7B ). In addition, we did time-lapse movie recordings on dividing cells on the different substrata, including immobilized mAbs (SI Movies 1-6). There were no significant differences in the timing of cell division on the different substrata as determined as the phase with maximal ingression of the cleavage furrow and heavy membrane remodeling (SI Table 1 and SI Movies 1-6). After the phase of ingression and membrane remodeling, the cells maintained cell-to-cell contacts with a visible midbody between them over an extended period (SI Movies 1-6), as has been reported (15) . However, flow-cytometry analyses indicate that at this time, the cells are already separated and have passed into the G 1 phase (Fig. 3 A and C) . These results first imply that different integrins can promote cytokinesis, because cells use ␤1-integrins to attach to CI and ␣v-integrins to VN. Second, the role of cell attachment in cytokinesis appears to be uncoupled from cell spreading, because the cleavage furrow ingression phase that require attachment actually occurred without cell spreading. This and the finding that the ingression required only one of the daughter cells to be attached may instead indicate a critical role for attachment-triggered signaling. NHDF cells (Fig. 4A) . We therefore conclude that the tested cancer cells, and the B25 H-Ras transformed fibroblasts, lacked the requirement of anchorage during cytokinesis. Oncogenic H-Ras promotes anchorage-independent growth in soft agar (16, 17) and may thus be able to abolish the control in cytokinesis. However, transfection of H-Ras V12 alone induces senescence in primary fibroblasts, and we therefore used the immortalized BJT cells as a model system for studies of the role of H-Ras V12 in cytokinesis (18) . We used the immortal BJ fibroblasts (BJT) and derivatives; BJT expressing the simian virus 40 large T antigen (BJTLT); and BJTLT expressing oncogenic H-Ras V12 (BJTLTRas) (18) . We compared the cell cycle progression in suspension between the three derivatives and found that BJT and BJTLT cells in suspension accumulated in the G 2 /M phases, whereas BJTLTRas cells did not ( Fig. 4B and SI Fig. 8 ). This indicates that only cells expressing oncogenic H-Ras were able to progress through cytokinesis in suspension. Cytokinesis is accompanied by a constant actin filament remodeling that requires actin polymerization, and actomyosin contractility regulated in part by RhoA-induced ROCK signaling (19) (20) (21) (22) (23) . To test whether activated H-Ras influenced these processes, we treated prometaphase-synchronized BJT cells and their derivatives with different inhibitors: the cytochalasin B actin polymerization inhibitor, the Blebbistatin inhibitor of myosin II activity, and the Y27632 ROCK inhibitor. All three cell lines accumulated as binuclear with inhibited actin polymerization or myosin II activity (Fig. 4C) . ROCK inhibition also caused BJT and BJTLT cells to become binuclear but had no apparent effect on the H-Ras-overexpressing cells (Fig. 4C) . Thus, H-Ras V12 overexpression rescued cytokinesis that was inhibited by the absence of ROCK activity.
Discussion
We found that oncogenic H-Ras could replace attachment to promote cytokinesis. This may contribute to explaining why H-Ras is the single most commonly activated human oncogene in cancer. Considering that factors that cooperate with activated H-Ras to promote transformation are often genes that allow the cell to bypass the G 1 phase restriction point (24, 25) , our finding that H-Ras V12 can overcome the anchorage-dependent cytokinesis appears logical and may be important for its contribution to anchorage-independent growth. The mechanism behind anchorage-independent cytokinesis is still unclear, but one possibility is that attachment may trigger signal transduction necessary for final ingression of the cleavage furrow. Overexpression of activated H-Ras induces cytoskeletal rearrangements concomitant with looser cell attachment and actin reorganization throughout the cell cycle (26, 27) . Thus, active H-Ras might abrogate checkpoints sensing anchorage and/or cytoskeletal organization in addition to promoting cell proliferation. One mediator of H-Ras-induced cytoskeletal rearrangements is RhoA, which is activated upon overexpression of activated H-Ras (27, 28) . RhoA is also the only member of the Rhoprotein family of small GTPases that is required for cytokinesis in mammalian cells (29, 30) . Properly localized activity of both RhoA and its downstream mediator ROCK is necessary for ingression of the cleavage furrow (22, 23). Our finding that activated H-Ras abolished ROCK-dependent control of cytokinesis suggests that other V12 H-Ras-induced signaling can replace the need for the RhoA-ROCK pathway, although the identity of such circumventing signaling is unclear. Furthermore, our findings suggest that V12 H-Ras could substitute for signals controlling cytokinesis otherwise provided by anchorage. This in turn points to a critical role of signaling from anchorage in the control of cytokinesis. Our data show that the G 1 phase and cytokinesis are the only two points of anchorage-dependent cell cycle regulation of primary fibroblasts. This is consistent with previous studies showing defects in G 1 phase progression or cytokinesis in cells cultured without anchorage (2, (4) (5) (6) 31) . We further localized the anchorage control in cytokinesis to the cleavage furrow ingression. It has been speculated that attachment-facilitated cell spreading might be necessary for abscission and that this is why cells in suspension become binuclear (9) . However, our results indicate that cells in suspension have a defect cleavage furrow ingression and that the ingression in attached cells occurs before the cells spread. We also found that attachment from only one of the forming daughter cells is enough for cleavage furrow ingression, suggesting that signaling from anchorage may be more important than the capacity of anchorage to provide traction forces to create tension in the cleavage furrow. Also attachment onto PLL promoted cytokinesis in the presence of no or limited cell spreading. PLL is supposedly an inert substrate, and it is therefore unclear how attachment to PLL may promote cytokinesis. However, we cannot exclude the possibility that PLL, through its positive charges, may engage a limited number of negatively charged receptors, such as integrins, to trigger sufficient signaling for furrow ingression.
Among attachment receptors, only the integrin ␤1 subunit was indicated to possess a critical function during mitosis and cytokinesis in certain cells, including chondrocytes from integrin ␤1 null mice that did not attach to the surrounding collagen and became binuclear (32, 33) . However, it is not clear whether the defect in cytokinesis was a consequence of lack of integrin ␤1 per se or an outcome of the fact that these cells could not attach properly and were virtually in suspension (33) . Alternatively, proteins involved in attachment may affect qualitative aspects of mitosis such as the selection of the cleavage furrow plane and symmetry of cell division (10) . To this end, integrin ␤1 with a mutant cytoplasmic tail expressed in CHO cells inhibited the assembly of radial microtubules and thereby prevented the formation of a bipolar spindle and thus inhibited cytokinesis (32) . In contrast, we did not observe any differences in the organization of the microtubules during mitosis between cells in suspension compared with anchored cells. However, we cannot exclude the possibility of defects in symmetry of the mitotic spindle, because we were unable to image the suspended cells live. In addition, we found that both the cleavage furrow and the central spindle were formed in suspension. Importantly, we did not observe any significant differences in promotion of cytokinesis between different substrata. This means that different integrins, i.e., at least ␣v-integrins and ␤1-integrins, can promote cytokinesis of untransformed fibroblasts.
In conclusion, we provide evidence that lack of attachment results in a defect of cleavage furrow ingression and that this ingression does not involve cell spreading. This finding indicates signaling triggered from anchorage as the likely cause for anchorage dependence in cytokinesis. This is also supported by the finding that oncogenic signaling can overcome anchoragedependent cytokinesis. Oncogenic signaling may thus contribute to cellular transformation and anchorage-independent growth by the promotion of cytokinesis.
Materials and Methods
Cells and Cell Cycle Synchronization. NHDF (BioWhittaker) passage 5-8, BJT BJ primary human neonatal foreskin fibroblasts expressing human telomerase catalytic subunit (T), BJTLT expressing T and simian virus 40 large T antigen (LT), BJTLTRas expressing T, LT, and oncogenic G12V Harvey-Ras, prostate carcinoma cells PC3, and H-Ras-overexpressing B25 rat embryonic fibroblasts (34) were grown in DMEM (Invitrogen) with 10% FCS (BioWhittaker). Human melanoma cells M21 were cultured in RPMI with 5% FCS. For cell synchronization, cells were first arrested in G 0/G1 by confluence as in ref. 35 and released by replating. For synchronization at the G 1/S transition, 5 M Aphidicolin (Sigma-Aldrich) was then added. Cells synchronized in promethaphase were obtained either by mitotic shake-off (NHDF) or by 2-to 4-h treatment with 40 ng/ml Nocodazole (Sigma-Aldrich), followed by shake-off (BJT and derivatives). Cells were collected, washed, and allowed to adhere to serum-coated tissue-culture dishes or kept in suspension as described in ref. 4 . Before the mitotic shake-off, BJT and NHDF were synchronized in the G 1 phase by contact inhibition and released, and for the studies on different substrata and antibodies, the cells were washed and kept in starvation medium (DMEM with 5 g/ml insulin (Sigma-Aldrich), 2 g/ml transferrin (Invitrogen), 4 ng/ml sodium selenite (Sigma-Aldrich), 1 mg/ml BSA (Sigma-Aldrich) 20 h after release to remove interfering serum factors. Mitotic cells were collected by shake-off 26 -27 h after release from contact inhibition and NHDF were plated onto plates coated with 25 g/ml of different antibodies: anti-integrin ␣5␤1 mAb JBS5 (Chemicon) (25 g/ml), anti-integrin ␤1 mAb P4C10 (Chemicon), or mouse IgG (Sigma), whereas BJT were plated onto different substrata. Suspension dishes (Costar) were coated with antibodies, 10 g/ml rat collagen type I (CI) (Upstate Biotechnology), Vitronectin (VN) or 100 g/ml PLL as described (13, 14) .
Cell Cycle Analysis and Cytochemistry. When detecting S phase cells, cells were pulsed with 30 M BrdU for 1 h before harvest. Cells were fixed in 70% EtOH, and the cell cycle distribution was determined by using anti-BrdU mAb G3G4 (Developmental Studies Hybridoma Bank, Department of Biological Sciences, University of Iowa, Iowa City, IA) and propidium iodide double-staining, followed by flow cytometry as described in ref. 36 . For cytostaining, attached cells were trypsinized, and all cells were attached to glass slides by cytospin before staining. Double staining against BrdU and cyclin B1 by using anticyclin B1 mAb (GNS1; BioCarta) was performed as described for BrdU costaining (37) . For morphology analysis, cells were fixed in 4% formaldehyde, permeabilized in 0.2% Triton X-100, and processed for immunocytochemistry as described (37) by using anti-tubulin mAb (Ab-4; NeoMarkers), F-actin was visualized with Rhodamine-Phalloidin (Molecular Probes) and chromatin with Hoechst 33342 (Sigma-Aldrich). RhoA was detected in the central spindle after fixation in 10% trichloroacetic acid as in ref. 38 and staining with anti-RhoA mAb (26C4 Santa Cruz Biotechnology) and anti-Aurora B (pAb 2254; Abcam). 
